Introduction
Iridoviruses are icosahedral cytoplasmic DNA viruses that have been isolated from a variety of invertebrate and some vertebrate host species. Based on common icosahedral morphology, genomic properties, and the cytoplasmic site of virus assembly, all icosahedral cytoplasmic deoxyriboviruses were grouped under the term iridoviruses. Insect iridescent virus type 6, also known as Chilo iridescent virus (CIV), belongs to the family Iridoviridae which is subdivided into four genera including Iridovirus, Chloriridovirus, Ranavirus and Lymphocystivirus (Francki et al., 1991) . CIV is a member of the small iridescent insect virus group and belongs to the genus Iridovirus. CIV had been isolated from the rice stem borer, Chilo suppressalis (Lepidoptera), was reported in Japan and the U.S.A. and is of agricultural Nucleotide sequence data reported in this paper are deposited in the GenBank data library under accession no. M81388. importance; under certain conditions, it has been shown to infect vectors of plant diseases and therefore might be considered as a biological insecticide.
Virion structure and some virion-associated enzymes of CIV have been studied (Monnier & Devauchelle, 1980) . The genome of this virus (209 kbp) is circularly permuted and terminally redundant (Delius et al., 1984; Schnitzler et al., 1987; Soltau et al., 1987; Fischer et al., 1990) , a property in common with frog virus 3, fish lymphocystis disease virus (Darai et al., 1983) and iridescent virus type 9 (Ward & Kalmakoff, 1987) . The genome of CIV has been characterized Soltau et al., 1987; Fischer et al., 1988a, b) and the positions of the origins of DNA replication have been determined (Handermann et al., 1992) . One of at least six origins of replication is located in EcoRI fragment M of the CIV genome (7"1 kbp, 0.310 to 0.345 map units, m.u. ; Sonntag & Darai, 1992) . Recently we succeeded in identifying and characterizing the gene encoding the major capsid protein of CIV using PCR.
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CIV is a large dsDNA virus (209 kbp) that replicates in the cytoplasm of the host cell (Kelly, 1985) and therefore requires enzymes for transcription in the viral particle. CIV possesses a gene located within the sequences of EcoRI fragment M encoding a putative DNA and/or RNA helicase (Sonntag et al., 1994) . Furthermore, CIV encodes a non-histone chromosomal protein of the high mobility group, two zinc finger proteins deduced from the sequences of EcoRI fragments F and Y and a polypeptide related to the bacterial antimutator GTP phosphohydrolase Mut T . These putative viral proteins might be involved in viral transcription and replication.
Viruses that replicate in the cytoplasm of eukaryotic cells have no access to the host transcriptional machinery. Poxviruses, the related African swine fever virus (ASFV) and iridoviruses share this cytoplasmic location. Poxviruses overcome this problem by encoding their own enzymes for transcription and RNA modification (Moss, 1990) . The DNA-dependent RNA polymerase (DdRP), an essential enzyme for cytoplasmic DNA viruses, has been reported for vaccinia virus (VV) and ASFV (Moss, 1990; Yanez et al., 1993) . DdRPs are complex multisubunit enzymes consisting of two large subunits with an M r of > 100K and several smaller polypeptides which are all present in stoichiometric amounts. Several subunits of the VV DdRP (Nevins & Joklik, 1977) have been identified and characterized (Broyles & Moss, 1986; Jones et al., 1987; Amegadzie et al., 1991) . The two large subuuits rpo147 and rpo132 of VV DdRP show striking amino acid sequence similarity to their prokaryotic and eukaryotic counterparts.
Iridoviruses offer an excellent opportunity to combine biochemical and genetic approaches for the study of transcription. Determination of the nature of the DdRP is central for our understanding of the biology and evolution of this virus family. However, as a prerequisite, it is necessary to identify the genes encoding all of the enzymes and factors needed for RNA synthesis. The identification of the gene encoding the largest subunit of CIV DdRP using oligonucleotide primers corresponding to the conserved domains of the DdRPs of pro-and eukaryotic organisms, and the determination of its evolutionary relationship, is the subject of the present study.
Methods

Virus and gene library of CIV genome. CIV was propagated in
Choristoneurafumiferana CF-124 cell cultures as described previously (Delius et al., 1984) . The recombinant plasmids harbouring all EcoRI DNA fragments of the CIV genome used in this study were obtained from a defined gene library representing 100 % of the sequence of the viral genome which was established as described elsewhere Soltau et aL, 1987) .
PCR.
Oligonucleotide primers (RNA-POL-D1 and RNA-POL-D3; Fig. 1 ) were synthesized according to the highly conserved regions RQP(TS)LH and NADFDGDE of the largest subunit of DdRP from pro-and eukaryotic organisms. PCR was performed using 0.01 fmol of CIV DNA in 100 lal volumes of 50 mM-KC1, 10 mM-Tris-HC1 pH 8'3, 1-5 mM-MgCI~, 0"01% (w/v) gelatin, 200 pmol of each dNTP, 1 pmol of each primer and 2.5 units of Taq DNA polymerase (Perkin-Elmer Cetus). Thirty cycles were run in an automated temperature cycling reactor (Erieomp Inc.) which provided 30 s of each incubation at 94 °C, 40 °C, and 2 min at 72 °C per cycle (Saiki et al., 1988) .
Enzymes and DNA isolation. Restriction endonucleases and T4 DNA ligase were purchased from Biolabs or from Boehringer-Mannheim. Incubations were carried out according to standard procedures for each enzyme. Eleetrophoresis equipment was purchased from Renner and eleetrophoresis was performed at constant voltage. DNA fragments were isolated from 0"5 to 1.0 % low melting point agarose gels and purified.
Hybridization experiments. The hybridization experiments and nick translation of viral DNA or plasmid DNA which was carried out using [ct-32P]dATP and [~t-32P]dCTP (New England Nuclear; specific activity 6000 Ci/mmol) were performed as described previously .
Northern blot analysis. Total cellular RNA from CIV-infected and mock-infected CF-124 cells was extracted 6 h post-infection (p.i.) using the guanidinium/caesium chloride method (Glisin et al., 1974) . Northern blot analysis of these RNAs was carried out using formaldehyde-agarose gel (1%) electrophoresis (Lehrach et al., 1977; Melton et al., 1984) . The hybridization and nick translation were performed as described above.
Subcloning. A defined and overlapping genomic library of the EcoRI fragments M and L spanning 0-310 to 0.347 m.u. was established by insertion of defined DNA subfragments into the corresponding sites of the plasmid vector pUC18. The DNA of individual recombinant plasmids was amplified, extracted and purified as described elsewhere .
DNA sequence analysis. The inserts of the recombinant plasmids harbouring specific DNA sequences of the EcoRI fragments M and L were inserted into the corresponding sites of phages M 13mp 18 and -19. The ssDNA of the individual recombinant M 13 phages was sequenced by the dideoxynucleotide chain termination procedure (Sanger et al., 1977) using a modified T7 DNA polymerase. The T7 DNA polymerase and the Sequenase sequencing kit were purchased from United States Biochemical Corporation or obtained from Renner. For labelling the DNA sequences [~-3ZP]dATP (specific activity 800 Ci/mmol] or [~-aSS]dATP (specific activity 500 Ci/mmol) were used. Both radionucleotides were purchased from New England Nuclear. The sequence of each DNA fragment was determined from both strands by analysis of the particular fragment that was inserted into M13mpl8 and -19.
Computer-assisted sequence analysis. Nucleotide and amino acid sequences were compiled and analysed using the PC-Gene program release 6.70 (UGenBank 77_35, EMBL 35, SWlSS-PROT 26; August 1993, University of Geneva, Switzerland; Intelligenetics Inc.). Comparison of amino acid sequences with sequence databases was performed using programs based on the BLAST algorithm (Altschul et al., 1990) . The BLASTP program was used to screen amino acid sequence databases, the TBLASTN program was used to screen nucleotide sequence databases conceptually translated in six reading frames, and the BLASTX program was used to screen amino acid sequence databases for similarity to the query sequence translated in six frames. The non-redundant sequence database maintained at the National Center for Biotechnology Information (NIH) was used for all Primer RNA-POL-D1 searches. Multiple sequence alignments were generated using the MACAW program (Schuler et al., 1991) . For construction of tentative phylogenetic trees, the following algorithms implemented in the PHYLIP package (Felsenstein, 1989) were used: UPGMA (unweighted pair group minimum average) clustering, neighbour-joining, two versions of the least square distance matrix method (Fitch & Margoliash, 1967) implemented in the programs FITCH and KITSCH, and the protein parsimony method (Felsenstein, 1989) . The distance matrices used as input by all these methods except protein parsimony were generated using the PROTDIST program of PHYLIP and the PAM120 matrix for amino acid residue comparison (Felsenstein, 1989) . 
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Strategy for identifying the CIV DdRP
The amino acid sequences of the largest subunit of DdRP of viruses and different pro-and eukaryotic organisms, including VV, yeast, Drosophila and mouse, possess highly conserved domains (Fig. 1) . As shown in Fig. 1 , the oligonucleotide primers RNA-POL-DI (27-mer) and RNA-POL-D3 (33-met) deduced from the two domains RQP(TS)LH and NADFDGDE were used for detecting the gene encoding the largest subunit of DdRP of the CIV genome by PCR. The addition of restriction sites (Fig. 1) to the oligonucleotide sequence of primers RNA-POL-D1 (BamHI) and RNA-POL-D3 (SalI) allowed a directional cloning of the PCR product in the individual vectors. Using the combination of these primers and the conditions described above, a PCR product of about 150 bp was amplified. The specificity of this PCR product was determined by DNA nucleotide sequencing and a DNA-DNA hybridization experiment in which the radioactively labelled DNA product derived from PCR was hybridized to the CIV gene library containing the complete DNA sequences of the viral genome, corresponding to EcoRI fragments A to Z and A' to F' Soltau et al., 1988) . These analyses revealed that EcoRI fragment M (7" 1 kbp; 0.310 to 0-345 m.u.; Fig. 2a Fig. 3 (a) . The stop codon (TAA) of this ORF was found at nucleotide position 7457 which is located 351 nucleotides downstream from 0"345 m.u. (EcoRI site) within the sequences of EcoRI fragment L (Fig. 3 a) . This indicates that this particular region of the CIV genome harbours a gene (3153 bp) encoding the putative largest subunit of the DdRP (RPO1, 1051 amino acid residues, Fig. 2c and  3a) . The detection of classical or slightly modified promoter, transcription and termination signals up-or downstream from the start and the stop codons of this ORF (Fig. 3 b) is strong evidence for the transcription of RPO1 in vivo. Another ORF of 486 bp (162 amino acid residues) was found 331 nucleotides upstream of RPO1 between nucleotide positions 3488 and 3973. No sequence similarity between this ORF and known sequences in the databases could be detected.
To detect the transcriptional activity of this part of the viral genome, Northern blot hybridization experiments were performed. In these experiments the total EcoRI DNA fragment M was used as a probe and hybridized to the RNA of CIV-infected (6 h p.i.) and mock-infected CF-124 cells. As shown in Fig. 4 three RNA transcripts of about 3-4 kb (tl), 1"8 kb (t2) and 1.2 kb (t3) were identified in CIV-infected cells. RNA transcript tl (3"4 kb) corresponds to the expected size of the transcript of the identified gene (3153 bp) encoding RPO1, t2 is the helicase transcript and t3 might correspond to the ORF upstream of RPO1.
CIV encodes a putative RNA polymerase subunit that is more closely related to the largest subunit of eukaryotic RNA polymerase II than to polymerases of other eukaryotic viruses
The DNA sequences of the CIV genome between position 3001 of EcoRI fragment M and position 881 (ClaI site) of EcoRI fragment L harbour two ORFs of 162 (18"8K) and 1051 (120.3K) amino acid residues, respectively. The products of the smaller ORF did not show appreciable -6 ) -* For each of the three viral polymerase subunits the highest BLASTP score with the respective sequence and the probability (e-n stands for 10 -~) that the similarity is observed by chance are indicated. similarity to any protein sequences available in the current databases. However, the product of the largest ORF was found to be homologous to the largest subunit of DdRPs, with the closest similarity to the largest subunit of eukaryotic RNA polymerase II and lower but also highly significant similarity to the homologous subunits of eukaryotic RNA polymerases I and III, archaeal, eubacterial and viral RNA polymerases (Table  1) . The similarity between RPO1 of CIV and cellular polymerase subunits was consistently higher than the respective values for RPO1 of VV and ASFV (Table 1) .
Multiple alignment of CIV RPO1 with the homologous RNA polymerase subunits from phylogenetically diverse sources revealed the six N-terminal conserved regions typical of this highly conserved protein (Fig. 5; Cornelissen et al., 1988) . These included the putative N-terminal zinc finger (block A in Fig. 5 ) and 'universal' heptapeptide NADFDGD (block D). Unexpectedly, RPO1 of CIV appeared to lack the two Cterminal conserved regions G and H (Allison et al., 1985; Jokerst et al., 1989; Yanez et al., 1993) . Comparison of all possible translations of the nucleotide sequence downstream of ORF 2 with amino acid sequence databases failed to reveal any similarity to RNA polymerase subnnits (or to any other proteins), apparently ruling out a sequencing error (data not shown). Thus the largest subunit of the CIV RNA polymerase appears to be C-terminally truncated as compared to the homologous proteins from eukaryotes, eubacteria, VV and ASFV. In this respect it resembles the archaeal RNA polymerases, in which the counterparts to the N-terminal and C-terminal domains of the eukaryotic largest subunit reside in distinct proteins (Puhler et al., 1989; . However, the sequence similarity between CIV RPO 1 and archaeal polymerases was lower than between CIV and eukaryotic polymerases. It seems likely that CIV has another, so far unidentified gene encoding the RNA polymerase subunit homologous to the C-terminal domains of the eukaryotic and eubacterial largest subunits and to the archaeal C (A") subunit.
Using the multiple alignment shown in Table 1 , we constructed tentative phylogenetic trees for the largest subunits of RNA polymerases. In this analysis we used the Escheriehia coli b' subunit as the outgroup to infer the root position, based on the now well established notion that eubacteria are more distantly related to eukaryotes than archaea (Woese, 1987; Iwabe et al., 1989 Iwabe et al., , 1991 . The trees generated by three different methods that do not assume a molecular clock (constant mutation rate), namely protein parsimony, neighbour joining and least square, all indicated the same position for the putative RPO 1 of CIV although some differences in the tree topology were found. Inspection of these tentative phylogenetic trees suggested that CIV RPO1 might have evolved from the largest subunit of eukaryotic RNA polymerase II after its divergence from the homologous subunits of RNA polymerases I and III (Fig. 6) . The evolutionary history of the largest subunit of VV and ASFV RNA polymerases could be quite different, with their common ancestor diverging from the cellular homologues before the separation of the three types of eukaryotic polymerases (Fig. 6) although grouping with the largest subunit was suggested by the least square algorithm (data not shown). All three viral polymerase subunits appeared to have evolved faster than their cellular homologues; a particularly high evolutionary rate was apparent for VV RPO1 (Fig. 6 ) which was placed in the tree root by algorithms based on the molecular clock concept, UPGMA and KITSCH (data not shown).
Discussion
Viruses that replicate in the cytoplasm of eukaryotic cells have no access to the host transcriptional machinery and consequently need a DdRP for their replication. In the present study we describe the identification of a gene on the CIV genome encoding a protein homologous to the largest subunit of known DdRPs. This protein was clearly more closely related to the eukaryotic RNA polymerase subunits than were the homologous proteins from VV and ASFV. Phylogenetic tree analysis suggested that the CIV RPO1 could have evolved from the largest subunit of eukaryotic RNA polymerase II, whereas the RPO1 of VV and ASFV could have diverged from the common lineage with cellular proteins much earlier, i.e. preceding the divergence of the three types of eukaryotic polymerases. Despite this relatively close phylogenetic association with the eukaryotic homologues, the domain organization of the putative RPO1 of CIV differed from that of the eukaryotic, eubacterial and other viral polymerases in a striking manner, with the C-terminal domain absent in the protein encoded by ORF 2 and perhaps encoded by a distinct gene in CIV, a situation . Tentative phylogenetic tree for the largest subunit of RNA polymerases. The tree was generated using the neighbour-joiniug method from 469 aligned amino acid residues, with positions containing gaps excluded from the analysis. The branch lengths are roughly proportional to apparent evolutionary rates.
terminus of the eukaryotic RNA polymerase II (Allison et al., 1985) was absent in the CIV RNA polymerase subunit, similar to the VV and ASFV subunits (Moss, 1990; Yanez et al., 1993) . Previously we performed detailed comparisons for the amino acid sequence of the putative CIV helicase encoded by ORF 4 in the EcoRI fragment M (Sonntag et al., 1994) . The results of phylogenetic analysis of these two proteins were fully consistent with each other, indicating that each of them could have diverged from a common ancestor with the related eukaryotic proteins later than the homologues from poxviruses and ASFV. In both cases we also observed that the proteins from the latter two groups of viruses could have a common ancestor. These observations suggest that the genome of CIV (and perhaps those of other iridoviruses) could have been assembled from cellular genes more recently than those of other large cytoplasmic DNA viruses of eukaryotes. Analysis of other iridovirus genes may be helpful in supporting this hypothesis.
Frog virus 3, also a member of the family Iridoviridae, has been reported to replicate in the cytoplasm and in the nucleus of the host cell and viral transcription depends on cellular RNA polymerase II (Goorha et al., 1978) . No DdRP of this virus has been described so far. The presence in the CIV genome of a gene encoding a protein similar to the largest subunit of RNA polymerase from prokaryotic and eukaryotic organisms and viruses and the considerable conservation of domains in the CIV RNA polymerase suggest that viral transcription is carried out by a multimeric, virus-encoded enzyme. To the best of our knowledge this is the first report that describes the identification and sequencing of an iridoviral DdRP subunit. When the genes encoding the enzymes and factors for viral transcription are identified, it should be possible to understand their function.
